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Executive Summary
Ordinary Portland cement (OPC) is a common construction material used around the world. Its
advantages are mainly that while easily moldable, it also provides very desirable mechanical
properties, such as high compressive strength. The production of Portland cement has a significant
impact on the environment because of its wide global use, resulting in 5% of global carbon dioxide
emissions. Portland cement emits almost 900 kg of CO2 for every 1000 kg produced [1].
Geopolymer based cements (GPC) can serve as a complete substitute to OPC in a wide range of
civil engineering applications [2]. The use of geopolymer cements can reduce carbon dioxide
emissions by as much as 80% [4], making them a valuable topic of research for designing a more
environmentally sustainable future. There are also studies that suggest fly ash geopolymers exhibit
better corrosion performance of carbon steel rebar [5, 6]. One of the primary mechanisms of

corrosion of carbon steel rebar in concrete is chloride attack. The purpose of this project will be to
determine the coefficient of diffusion of chloride ions in geopolymer cements and OPC.
To determine the diffusion coefficient of chloride in cementitious samples, ASTM “Standard Test
Method for Determining the Apparent Chloride Diffusion Coefficient of Cementitious Mixtures
by Bulk Diffusion” will be used with ASTM “Standard Test Method for Acid Soluble Chloride in
Mortar and Concrete” [7,8]. Exact experimental methods are described on pages #-#, any

variations from the standards are described in detail. The ratios used for GPC and OPC samples
will be identical for cement (GPC v. OPC), aggregates, and activator solution (NaOH v. water).
The concentration of chloride as it diffused through concrete samples for OPC and GPC are
graphed with a non-linear regression analysis fit shown in Figure 3. The apparent diffusion
coefficient for chloride (𝐷𝑎 ) calculated from the results was equal to 5.89 × 10−11 𝑚2 /𝑠 for alkali
1

activated fly ash geopolymer samples and 5.12 × 10−11 𝑚2 /𝑠 for ordinary Portland cement
samples.
In reinforced concrete structures (RCS) chloride ion attack on carbon steel rebar is considered one
of the major failure modes, Bastidas et al. has shown that a higher concentration of chloride results
in a higher corrosion current density for RCS [6]. Ordinary Portland cement exhibited a slightly
lower 𝐷𝑎 of 5.12 × 10−11 𝑚2 /𝑠 indicating a more advantageous material for corrosion resistance,
however alkali activated fly ash performed closely. In terms of resistance to chloride ion attack on
carbon steel rebar, alkali activated fly ash performed as an adequate substitute to OPC.
This research project provided excellent experience in professional academia and independent
research. The following skills were tested and developed as a result of the completion of this
project;
•

Technical report writing in an academically professional setting.

•

Analysis of professional literature for a research project.

•

Creativity in individual lead laboratory procedures and research practices.

•

Presentation skills through weekly research meetings.

•

Argumentative communication skills; listening, explaining, and debating research
materials with peer members of the research team.

•

Time management.
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Future Recommendations
The largest challenge to this experiment was the disruptive nature of the global pandemic caused
by COVID-19 in the spring of 2020. Research laboratories were closed before the completion of
testing for all twelve samples and as a result the values discussed here are based on single sample
analysis. Only results from one GPC and one OPC sample were able to be accurately obtained.
Future work on this topic would include a complete reproduction of this experiment with results
obtained for both GPC and OPC samples in at least triplicate. Further exploration should be
conducted on the effects of mix ratios for fly ash and concentration of activator solution on the
diffusion coefficient for chloride in the resultant concrete. It would also be valuable to measure
the corrosion of carbon steel rebar in samples prepared with the same mix ratios and curing
conditions described in this experiment.
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Introduction
Ordinary Portland cement (OPC) is a common construction material used around the world. Its
advantages are mainly that while easily moldable, it also provides very desirable mechanical
properties, such as high compressive strength. The production of Portland cement has a significant
impact on the environment because of its wide global use, resulting in 5% of global carbon dioxide
emissions. Portland cement emits almost 900 kg of CO2 for every 1000 kg produced [1].
Geopolymer based cements (GPC) can serve as a complete substitute to OPC in a wide range of
civil engineering applications [2]. The term “geopolymer”, first coined by Davidovits [3], refers
to an inorganic polymer with a base structure consisting of silicate and aluminates. The use of
geopolymer cements can reduce carbon dioxide emissions by as much as 80% [4], making them a
valuable topic of research for designing a more environmentally sustainable future.
To achieve similar mechanical properties to OPC, a fly ash base is combined with a strong alkali
activator to polymerize the material [2]. Fly ash geopolymer cement is an excellent candidate to
replace OPC in traditional concrete, providing similar or even superior mechanical properties.
There are also studies that suggest fly ash geopolymers exhibit better corrosion performance of
carbon steel rebar [5, 6].
One of the primary mechanisms of corrosion of carbon steel rebar in concrete is chloride attack.

Limiting the diffusion of chloride ions in concrete would improve the corrosion resistance of
carbon steel rebar. The purpose of this project will be to determine the coefficient of diffusion of
chloride ions in geopolymer cements and OPC. This data will be compared to predict how GPCs
will perform under chloride ion attack.
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The results of this project will be extremely valuable in determining the advantages of GPC in the
realm of corrosion. Linking the diffusion of chloride and the corrosion rate of carbon steel rebar
in cementitious materials will show the specific nature of the mechanisms in geopolymer cement
that provide superior corrosion performance in a material that is advantageous to a more
environmentally sustainable future.

Background
The diffusion of chloride ions in cementitious materials follows Fick’s 2nd law, shown plainly in
equation (1).
𝛿𝐶
𝛿𝑡

=𝐷

𝛿2𝐶

(1)

𝛿𝑥 2

This shows that the instantaneous concentration (C) at any given time (t) is proportional to the
second derivative of concentration with respect to position (x). The constant that relates these two
values is the coefficient of diffusion (D). Determining this constant will be the focus of the project.
ASTM “Standard Test Method for Determining the Apparent Chloride Diffusion Coefficient of
Cementitious Mixtures by Bulk Diffusion” describes the determination of the diffusion coefficient
through non-linear regression analysis with equation (2) [7].

𝐶 ሺ𝑥, 𝑡) = 𝐶𝑠 − ሺ𝐶𝑠 − 𝐶𝑖 ) ∙ erfሺ

𝑥

ඥ4∙𝐷𝑎 ∙𝑡

)

(2)

Equation (2) relates the chloride concentration C(x,t) at depth (x) and time (t) to the initial chlorideion concentration (Ci), the apparent chloride diffusion coefficient (Da), and the projected chloride
concentration at the surface of the exposed concrete sample (Cs). Equation (2) will be used to
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determine the apparent chloride diffusion coefficient (Da) and (Cs) through a non-linear regression
analysis. This is described in more detail in the standard [7].
It is apparent from equation (2) that to determine Da the chloride concentration will need to be
determined at different penetration depths (x) in a cementitious sample. To do this, a cylindrical
cement sample will be placed in an exposure solution of high sodium chloride concentration for a
at least 30 days [7]. Only one side of the sample will be exposed to the solution. After time (t), the
sample will be removed from the exposure solution and prepared for testing. Different depths of
the sample will be collected via a mill capable of grinding concrete. The chloride concentration in
each cement layer will be determined using ASTM “Standard Test Method for Acid Soluble
Chloride in Mortar and Concrete” [8]. While following the standard, this report utilizes a chloride
ion selective electrode to directly measure the concentration of chloride ions in a solution prepared
from the cementitious samples.
GPC samples will be prepared from ratios documented in “A study on the passive state stability
of steel embedded in activated fly ash mortars” by D.M. Bastidas et al [6]. OPC samples will be
prepared from identical ratios to the GPC samples.
The results of this procedure will provide an experimentally determined apparent chloride
diffusion coefficient for chloride in geopolymer and Portland cements. They will be compared

with each other to predict the nature of corrosion of carbon steel rebar in alkali activated
geopolymer.
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Experimental Methods
To compare the diffusion rate of chloride ions in GPC and OPC samples prepared with identical
ratios, ASTM “Standard Test Method for Determining the Apparent Chloride Diffusion
Coefficient of Cementitious Mixtures by Bulk Diffusion” was utilized with 12 total cylindrical
cementitious samples [7]. Due to the global pandemic caused by COVID-19 during the spring of
2020, only the results from two of the twelve total samples will be shown and discussed here.
Sample Preparation
All samples were poured into a cylindrical mold made from PVC tubing 50mm in diameter. The
molds were filled to a height of 95mm. The ratios for GPC and OPC samples are shown in Table
1. The sand used in this experiment was “All-Purpose Sand” manufactured by Quickrete. The fly
ash was obtained from the Conesville, OH Powerplant. Ordinary Portland cement was obtained
from Home Depot. For all samples, first the sand and cement type (OPC or GPC) were mixed in a
Controls concrete mixer at 66 RPM for 65 seconds. The activator solution (8M NaOH for GPC,
DI water for OPC) was then added and the mixer was turned on at 144 RPM for 800 seconds. The
liquid cement was then carefully poured into the PVC molds previously coated with releasing
agent.
Table 1. Composition of cementitious samples.

The cement was left to set for two hours after being poured into the PVC molds and then moved
to a curing chamber. The curing chamber was kept at 95% relative humidity and 65⁰C. All samples
were cured in the curing chamber for 30 days, removed to the nearest hour.
7

(b)

(a)

Figure 1. (a) Coated cement cylinder and (b) coated cement cylinder samples submerged in
exposure liquid.

Twelve total cement cylinder samples were prepared, 6 GPC and 6 OPC. After curing, the samples
were removed from their PVC molds and a small slice was removed from each cylinder. These
slices were sealed in a polyethylene bag and saved for a later analysis. The samples were then
coated with an impermeable two component epoxy coating. The coating used in this experiment
was Valspar GreenBar. The samples were coated so that all surfaces except for the top of the
cylinder were covered, as shown in Figure 1 (a). The uncoated portion of the sample will serve as
the exposure surface for the experiment. All samples were submerged in a saturated CaOH solution
for 72 hours prior to chloride exposure. This was done with an airtight plastic container shown in
Figure 1 (b).
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Sample Exposure and Testing
After exposure to the saturated CaOH solution the samples were removed from the container and
the exposure surface was rinsed with tap water. All samples were submerged in an exposure
solution consisting of 165g/L of NaCl technical grade in a similar set up for the first submersion
shown in Figure 1 (b). The plastic container was filled with enough solution to minimize air inside
the container and the sides of the lid were sealed with tape. The samples were left in the exposure
solution for 45 days. After exposure, the samples were removed from the container and the
exposure surface was rinsed with tap water.

Figure 2. Sample after analysis preparation.
Each sample was cut into slices as shown in Figure 2 using a diamond embedded circular saw.
After each cut a caliper was used to measure the depth from the exposure surface to the top of the
slice in millimeters.
To measure the concentration of chloride in each slice, ASTM “Standard Test Method for Acid
Soluble Chloride in Mortar and Concrete” was used [8]. The slice collected before exposure for
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each sample was also measured to obtain the initial chloride concentration. For each slice, the
coating and approximately 4mm of sample was removed from around the edge of the disk. The
remaining slice was crushed using a mortar and pestle until fine enough to pass through an 800μm
sieve. Approximately 10g of concrete powder was collected for each slice, the mass was recorded
to the nearest 10-3 of a gram.
The concrete powder was placed into a 250mL beaker with 75mL of DI water. 25 mL of dilute
(1+1) nitric acid was added to the beaker and the solution was stirred then covered with a watch
glass. 5 drops of hydrogen peroxide was added to the beaker and the solution was stirred. The
solution was then rapidly brought to a boil then quickly removed from heat. The remaining
concrete powder was filtered from the solution using a Buchner funnel and vacuum filtration. The
solution was diluted to a factor of 10 as to increase the pH, then a Venier chloride ion selective
electrode was used to measure concentration of chloride in the solution.
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Data and Results
The chloride concentration measured using the ion selective electrode was reported as the parts
per million of chloride ions in the final diluted solution described above. To calculate the
concentration of chloride in the concrete slice, first the dilution is considered,
𝐶1 𝑉1 = 𝐶2 𝑉2

(3)

In equation (3) 𝐶1 is equal to the concentration of the solution before dilution, 𝑉1 is equal to the
volume of the solution before dilution, 𝐶2 is equal to the concentration of the solution after dilution,
and 𝑉2 is equal to the concentration of the solution after dilution. Equation (3) can be rearranged
to equation (4),
𝐶1 =

𝐶2 𝑉2

(4)

𝑉1

For all samples, 50mL of the final filtered solution was measured and diluted to 500mL. For this
case 𝑉1 = 50𝑚𝐿 and 𝑉2 = 500𝑚𝐿 for all samples. 𝐶2 is equal to the measured value for chloride
concentration from the ion selective electrode, and 𝐶1 is equal to the chloride concentration of the
50mL separated from the final filtered solution. The calculations from sample FA (Fly Ash) #1 are
used as an example. In this case the initial slice cut from the sample prior to chloride exposure is
analyzed to obtain 𝐶𝑖 .

𝐶1 =

8.5(

𝑚𝑔
)0.500ሺ𝐿)
𝐿

0.050ሺ𝐿)

= 85ሺ

𝑚𝑔
𝐿

)

𝐶1 is then multiplied by the volume measured after filtration to get the mass of chloride obtained
from the concrete slice,
85ሺ𝑚𝑔) 0.207ሺ𝐿)
ሺ𝐿)

1

= 17.6𝑚𝑔 = 0.0176𝑔𝐶ℎ𝑙𝑜𝑟𝑖𝑑𝑒
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The concentration of chloride in the slice is then calculated by dividing by the original mass of the
concrete powder placed in the 250mL beaker.
0.0176𝑔𝐶ℎ𝑙𝑜𝑟𝑖𝑑𝑒
10.015𝑔𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒

× 100% = 0.176%𝐶ℎ𝑙𝑜𝑟𝑖𝑑𝑒 = 𝐶𝑒𝑥𝑝

This procedure was repeated for all samples. The results from FA (Fly Ash) #1 are shown in Table
2, and the results from OPC (Ordinary Portland Cement) #4 are shown in Table 3.
Table 2. Concentration of Chloride at varying depths for FA#1.
Cs (wt%)

Da (m2/s)

Ci (wt%)

t (s)

1.456%

5.89×10-11

0.176%

3.89×106

x(mm)

Cexp (wt%)

C* (wt%)

(Cexp-C*)2

0.0

1.490%

1.456%

1.14×10-7

11.2

0.793%

0.945%

2.30×10-6

20.1

0.822%

0.621%

4.05×10-6

29.6

0.357%

0.389%

1.03×10-7

38.6

0.168%

0.267%

9.83×10-7

49.4

0.151%

0.203%

2.65×10-7

∑(Cexp-C*)2

7.82×10-6

Table 3. Concentration of Chloride at varying depths for OPC#4.
Cs (wt%)

Da (m2/s)

Ci (wt%)

t (s)

0.888%

5.12×10-11

0.010%

3.89×106

x(mm)

Cexp (wt%)

C* (wt%)

(Cexp-C*)2

0.0

0.920%

0.888%

1.02×10-7

9.6

0.535%

0.563%

8.12×10-8

20.4

0.194%

0.279%

7.25×10-7

29.4

0.163%

0.133%

8.97×10-8

40.4

0.219%

0.048%

2.93×10-6

50.1

0.060%

0.021%

1.56×10-7

∑(Cexp-C*)2

4.08×10-6
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Due to the global pandemic caused by COVID-19 during the spring of 2020 only the results from
samples FA#1 and OPC#4 will be shown and discussed in this report. Tables 2-3 show the
penetration depth 𝑥ሺ𝑚), the experimentally determined chloride concentration 𝐶𝑒𝑥𝑝 ሺ𝑤𝑡%).
To calculate the apparent diffusion coefficient for chloride in the concrete samples equation (2)
will be used in a non-linear regression analysis by method of least squares. The error function in
equation (2) is calculated using Microsoft Excel’s built in error function. Tables 2-3 show the
concentration calculated by equation (2) with 𝐶ሺ𝑥, 𝑡) = 𝐶 ∗ ሺ𝑤𝑡%), the errors between 𝐶𝑒𝑥𝑝 and 𝐶 ∗
squared ሺ𝐶𝑒𝑥𝑝 − 𝐶 ∗ )2 , the initial chloride concentration before exposure 𝐶𝑖 ሺ𝑤𝑡%), the exposure
time 𝑡ሺ𝑠), the apparent diffusion coefficient for chloride 𝐷𝑎 ሺ

𝑚2
𝑠

), and the surface concentration for

chloride 𝐶𝑠 ሺ𝑤𝑡%).

Figure 3. Experimental and fitted data for the diffusion of chloride in alkali activated fly ash (a)
and ordinary portland cement (b)
The results are calculated by minimizing the sum of the errors squared shown in Tables 2-3
σሺ𝐶𝑒𝑥𝑝 − 𝐶 ∗ )2 . The fit is plotted against the experimental data shown in Figure 3.
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Discussion and Analysis
The experimental results shown in Tables 2-3 show that the apparent diffusion coefficient for
chloride (𝐷𝑎 ) in alkali activated fly ash geopolymer samples was equal to 5.89 × 10−11 𝑚2 /𝑠 and
the 𝐷𝑎 in ordinary Portland cement samples was equal to 5.12 × 10−11 𝑚2 /𝑠. These values
indicate how quickly chloride ions diffuse through cementitious samples. In reinforced concrete
structures (RCS) chloride ion attack on carbon steel rebar is considered one of the major failure
modes, Bastidas et al. has shown that a higher concentration of chloride results in a higher
corrosion current density for RCS [6]. A lower diffusion coefficient for chloride in RCS will result
is a smaller concentration of chlorides in the system to contribute to chloride ion attack for carbon
steel rebar. The results from this report show that the diffusion coefficients for chloride in alkali
activated fly ash and Portland cement with identical aggregate ratios shown in Table 1 are very
similar, existing on the same order of magnitude. Ordinary Portland cement exhibited a slightly
lower 𝐷𝑎 of 5.12 × 10−11 𝑚2 /𝑠 indicating a more advantageous material for corrosion resistance,
however alkali activated fly ash performed closely. In terms of resistance to chloride ion attack on
carbon steel rebar, alkali activated fly ash performed as an adequate substitute to OPC.
Kupwade et al. produced results for the 𝐷𝑎 for chloride in GPC and OPC samples after 44 days,
𝐷𝑎 𝑓𝑜𝑟𝐺𝑃𝐶 was found to be on the order of magnitude 10-12m2/s, 𝐷𝑎 for OPC was found to be on
the order of magnitude 10-11m2/s [5]. The mix ratios used in Kupwade’s study utilized a larger
portion of fly ash and a more concentrated alkali activator solution. Despite the differences in
sample preparation the results are remarkably comparable to the values for 𝐷𝑎 determined in this
report. Kupwade’s lower values for 𝐷𝑎 in GPC indicate superior corrosion performance to OPC in
similar chloride concentrations, which he confirms in the same study. This could be reflective of
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the higher ratio for fly ash to aggregates or stronger alkali activator solution compared to samples
prepared in this study.
The largest challenge to this experiment was the disruptive nature of the global pandemic caused
by COVID-19 in the spring of 2020. Research laboratories were closed before the completion of
testing for all twelve samples and as a result the values discussed here are based on single sample
analysis. Only results from one GPC and one OPC sample were able to be accurately obtained.
Future work on this topic would include a complete reproduction of this experiment with results
obtained for both GPC and OPC samples in at least triplicate. Further exploration should be
conducted on the effects of mix ratios for fly ash and concentration of activator solution on the
diffusion coefficient for chloride in the resultant concrete. It would also be valuable to measure
the corrosion of carbon steel rebar in samples prepared with the same mix ratios and curing
conditions described in this experiment.
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